Abstract. The microwave properties of microwire alloy composition, the orientation of microwires, and the content of glass-coated FeCuNbVSiB, FeSiBCMn, and CoFeNiSiB microwire composites were studied. The transmission/reflection (T/R) coaxial line method was used to measure the relative complex permeability and complex permittivity for the microwire/rubber composites. The measured results show that the microwave permeability of randomly oriented glass-coated microwires is the highest, while that of the radially oriented glass-coated microwires is the lowest for different microwires orientation. The resonance frequency of the FeSiBCMn microwires and the permeability of the CoFeNiSiB microwires are the highest for different microwire alloy composition. The microwave permittivity of radially oriented glass-coated microwires is the strongest, the axially oriented glass-coated microwires is the lowest for different microwires orientation. The permittivity of the FeCuNbVSiB microwires is the highest for different microwire alloy composition.
Introduction
Amorphous magnetic alloys exhibit excellent magnetic properties compared to polycrystalline magnetic materials. Glass-coated magnetic microwires, which have received considerable attention in recent years, are promising candidates for high-frequency magnetic sensors and microwave materials [1] [2] [3] . Glass-coated microwires can be used to prepare magnetic wires/dielectric composites, which are used as microwave and radio absorbing materials, due to the high magnetic and electrical losses at microwave and radio frequencies [4] [5] .
The published literature focused on the microwave properties of glass-coated microwire/dielectric composites mostly concentrated on the microwave permittivity based on the giant magnetoimpedance (GMI) effect of low content Co-rich microwire/dielectric composites [6] . The glass-coated microwires exhibit good microwave absorbing properties, showing promising applications for both microwave absorbing materials and tunable microwave materials when used in amorphous magnetic wire/dielectric composites [4] [5] [6] [7] [8] [9] [10] .
The microwave properties [4, [9] [10] and the length effect [11] of Fe-rich microwire/dielectric composites have also been studied, but little research has been published on the influence of the microwire alloy composition, orientation, and content on the microwave properties. The microwave magnetic properties should change as the microwire content in the glass-coated microwire/dielectric composites is changed.
Samples and Experimental Detail
We prepared three types of glass-coated amorphous alloy microwires using the Taylor-Ulitovsky technique: FeCuNbVSiB, FeSiBCMn, and CoFeNiSiB which were identified as S, M and C, respectively. Hollow cylinder samples of glass-coated microwire/nitrile rubber composites were prepared by dispersing the microwires, in different orientations, into nitrile butadiene rubber dissolved in alcohol, according to previously published methods [9] [10] . The hollow cylindrical samples were 3.04 mm in inner diameter, 7 mm in outer diameter, and 3-4 mm in height. The sample geometry data is listed in Table 1 , and the densities of the component materials were taken to be 7 g/cm 3 , 2.3 g/cm 3 and 0.98 g/cm 3 for alloy, glass and nitrile rubber, respectively [12] . The magnetostatic properties of the hollow cylinder composite samples were measured with a vibrating sample magnetometer (Model 3472-70 GMW) with the external magnetic field directed axially along the hollow cylinders. The T/R coaxial line method was used to determine the relative complex permeability, µ=µ′-jµ″, and the relative complex permittivity, ε=ε′-jε″, of the composite samples using an HP8722ES vector network analyzer, in the frequency range of 2-18 GHz. For comparison with the glass-coated alloy microwires, we also tested the relative complex permeability and permittivity of a composite with randomly oriented, 9 µm diameter FeNiCrMo alloy microwires with different mass contents in the composite, in the 2-18 GHz frequency range.
Results and Discussion

Effect of Alloy Composition and Content on the Magnetostatic Properties
The hysteresis loops of the three types of randomly oriented microwire composites are shown in Figure 1 (A) . Here, the microwires are 3 mm in length and 5% in mass content.
The magnetic anisotropy of S microwires is the highest among the three types of microwires, showing a larger difference for the coercive field at the positive and negative sides of the magnetic field than the other two microwires. The magnetic anisotropy is relatively high for the M microwires compared to the C microwires. The coercive field and remanence ratio of the S microwires is the highest among the three samples, while the M and C microwires show low coercive field and soft magnetic properties.
The hysteresis loops of the randomly oriented S composite samples with different mass content are shown in Figure 1 (B). FeSiBCMn, and CoFeNiSiB, respectively) and S microwires with different mass contents in the composite (B: 1 mm long with microwires volume content of the core alloy is 0.05%, 0.14%, and 0.41%.).
As we can see from the hysteresis loops and the magnetostatic parameters results, presented in Fig.1 , as the mass content of the microwires increases, the coercive field and the saturation field increase while the remanence ratio decreases. The magnetic anisotropy of S microwires increases as the mass content of the microwires increases. This characterization of the randomly oriented microwires with increasing mass content indicates that the magnetic dipole effect between the microwires in the composite has a great influence on the magnetostatic properties, similar with that of a bunch of microwires [13] . Furthermore, the magnetic characterization shows the magnetic anisotropy of the entire sample increases, which is due to the magnetic dipole effect between the microwires as the mass content of the microwires in the composite increases.
Effect of Alloy Composition, Orientation and Content on the Microwave Magnetic Properties
The complex permeability spectrum of the three types of randomly oriented microwires is shown in Figure 2 . For the real part of the permeability, the M microwires show a high magnetic permeability at low frequencies. The S microwires show lower low-frequency permeability, higher high-frequency permeability, and significant natural ferromagnetic resonance compared to the other two types of microwires.
As we can see from the imaginary part of the permeability, the three microwires each have a certain resonance peak. The natural ferromagnetic resonance frequency of the C microwires is lowest with the maximum magnetic loss peak. The imaginary part of the permeability and the resonance frequency of the M microwires are moderate showing a wide resonance peak. The imaginary part of the permeability is lowest for the S microwires, but they have the highest resonance frequency.
The lower natural ferromagnetic resonance frequency is associated with lower magnetic anisotropy for C microwires, while the higher natural ferromagnetic resonance frequency is associated with higher magnetic anisotropy for S microwires. The highest magnetic permeability and resonance frequency of M samples are caused by the moderate diameter and glass thickness to alloy core ratio of microwires. Figure 3 shows the complex permeability of randomly oriented, radially oriented and axially oriented microwire samples with 0.14% volume content, 3 mm long S microwires. As we can see in Figure 3 , there are natural ferromagnetic resonance peaks in the complex permeability spectrum. The permeability of the samples with randomly oriented microwires is highest, with the minimum resonance frequency and weak resonance peak at 6 GHz and at 7.5 GHz for the real and imaginary parts of the permeability, respectively. The real and imaginary parts of the permeability are the lowest at low microwave frequencies for axially oriented microwires, but the resonance permeability is the highest among the three orientations of microwires in the composite. Both the permeability and resonance frequency are moderate for the radially oriented microwires.
For the microwave coaxial transmission line measurements, the microwave magnetic field is along the circumference direction. For the Fe-rich microwires, the magnetic anisotropy field is along the radial and axial directions for the outer thin shell and the inner core, respectively. About half of the outer shell and all of inner core magnetic anisotropy fields are perpendicular to the microwave magnetic field for the radially and axially oriented microwire composites. For the randomly oriented microwires, the larger part of the outer shell and inner core are along the microwave magnetic field. Thus, the randomly oriented microwires can be magnetized easier than microwires in other orientations. The axial inner core magnetic anisotropy field of the radially oriented microwires was lower than that of the axially oriented microwires for the shorter microwires of the radially oriented microwires. The microwave permeability is larger and the natural ferromagnetic resonance is stronger for the radially oriented microwire composites than that of the axially oriented microwire composites.
The natural ferromagnetic resonance frequency of the glass-coated microwire/dielectric composite increases as the mass content of the microwires increases, which we can see from the microwave permeability of the S and M microwires in Figure 4 and Figure 5 . When the mass content of S microwires is below 14% in the composite, the real part of the permeability increases as the mass content of microwires increases. However, the permeability decreases when the mass content of the S microwires increases to 40%. We believe the reason for this change is that when the mass content of microwires in composite is high (in this case, larger than 14%), the non-uniform dispersion of the microwires increases. Therefore, the contact probability between the microwires increases, resulting in an increased eddy current magnetic permeability, which further reduces the effective permeability of the glass-coated microwires. On the other hand, a high magnetic anisotropy field also results in a decrease of the magnetic permeability. Thus, the overall permeability tends to decrease while the mass content increases. Furthermore, with increasing mass content, the increasing magnetic anisotropy shifts the natural ferromagnetic resonance frequency to a higher frequency.
As we can see from Figure 4 and Figure 5 , as the mass content of the microwires increases, the resonance peak increases, especially in the imaginary part of the permeability, contributing to the increase of the natural ferromagnetic resonance loss and eddy-current loss. Thus, the magnetic loss increases significantly with the increasing microwire content in the composite.
Effect of Alloy Composition, Orientation and Content on the Microwave Dielectric Properties
The complex permittivity spectrum of composites with randomly oriented microwires of 3 mm length and 5% mass content is shown in Figure 6 . As we can see from Figure 6 , the real part of the permittivity of the M sample is the lowest across the entire frequency range. The C sample has the maximum real part of the permittivity at low microwave frequencies, while the S sample has the highest high-microwave frequency permittivity among the three microwire samples. We can also see an electric dipole resonance for the S sample.
The apparent complex permittivity of the C sample is the largest among the three samples. As we can see from the inset illustration in Figure 6 , when the microwires have the same volume content in the composite, the S sample has the largest complex permittivity among the three samples for the minimum diameter among the three samples. The resonance peak in the complex permittivity of the S samples may come from the microwave electron oscillation of the largest length of S samples in the composite in certain frequency. The complex permittivity of the S composites with different microwire orientations is shown in Figure 7 . The permittivity and resonance frequency of the composites with radially oriented microwires is highest. The permittivity and resonance frequency of the composites with randomly oriented microwires is slightly lower, while the minimum permittivity and resonance frequency appears for the composites with axially oriented microwires.
For the microwave coaxial transmission line measurements, the microwave electric field is along the radial direction. For the radially oriented microwire samples, the microwave electric field along the axis of the microwires causes an oscillation of the current and resonance of the complex permittivity for a certain frequency.
The glass-coated microwire/dielectric composite material is a heterogeneous system whose electromagnetic parameters approximately meet effective medium theory. For given glass-coated microwire diameter, length and other conditions, the permittivity of the composite material is affected greatly by the content of glass-coated microwires. The complex permittivity of composites with different microwire contents is shown in Figure 8 to Figure 9 . As we can see from Figure 8 and Figure 9 , as the content of the Fe-based alloy microwires increases, the permittivity increases with increasing frequency. For S microwires, the resonance frequency does not change significantly. However, for M microwires, when the microwire mass content is higher than 1%, the permittivity increases with increasing frequency. For S microwires, the peak in real part of permittivity is weak, but the peak in the imaginary part of permittivity increases rapidly with increasing microwire content. For M microwires, samples with microwire mass contents larger than 1% in the composite show no resonance peak for both the real and imaginary part of permittivity. The real and imaginary parts of the permittivity are relatively low for both S and M microwires with low mass content (1wt%), showing no significant resonance peaks. For the composite samples with high content of microwires, there are magnetic interactions between the microwires and electric radiation interactions. Thus, the magnetic and dielectric losses are higher when the magnetic and dielectric resonances are strong.
Summary
The microwave permeability of randomly oriented glass-coated microwires is the highest and its resonance frequency is the weakest. The microwave permeability of radially oriented glass-coated microwires is the lowest, while the dispersion of the imaginary part of the permeability is the strongest. The microwave permittivity of the radially oriented glass-coated microwires is the strongest, and the resonance frequency is the highest. The microwave permittivity of the axially oriented glass-coated microwires is the lowest, and the resonance peak is the weakest. The resonance frequency of the FeSiBCMn microwires is the highest with the lowest permeability, and the resonance frequency of the CoFeNiSiB microwires is the lowest with the highest permeability among the three glass-coated microwires composites. The permittivity of the FeCuNbVSiB microwires is the highest, while the FeSiBCMn is the lowest. The microwave permittivity is significantly larger for the FeNiCrMo alloy microwires than that of the glass-coated microwires.
